The mass spectra of the excited heavy baryons consisting of two light (u, d, s) and one heavy (c, b) quarks are calculated in the heavy-quark-light-diquark approximation within the constituent quark model. The light quarks, forming the diquark, and the light diquark in the baryon are treated completely relativistically. The expansion in v/c up to the second order is used only for the heavy (b and c) quarks. The internal structure of the diquark is taken into account by inserting the diquark-gluon interaction form factor. An overall good agreement of the obtained predictions with available experimental data is found. PACS numbers: 14.20.Lq, 14.20.Mr, 12.39.Ki In this letter we extend our previous study of the ground state masses of heavy baryons [1] to the description of their excited states. All calculations are performed in the framework of the relativistic quark model based on the quasipotential approach in quantum field theory. As in our previous analysis we use the heavy-quark-light-diquark approximation to reduce a very complicated relativistic three-body problem to the subsequent solution of two more simple two-body problems. The first step consists in the calculation of the masses, wave functions and form factors of the diquarks, composed from two light quarks. Next, at the second step, a heavy baryon is treated as a relativistic bound system of a light diquark and heavy quark. It is important to emphasize that we do not consider a diquark as a point particle but explicitly take into account its structure by calculating the diquark-gluon interaction form factor through the diquark wave functions. Such scheme proved to be very effective and successful in our calculation of the ground state masses of heavy baryons. The obtained results were found to be in good agreement with experimental data [2] . Moreover, the predicted masses of the Ω * c and Σ b , Σ * b proved to be very close to the recently measured ones [3, 4] . This gives us additional confidence in the reliability of the used quark-diquark approximation within our model.
The mass spectra of the excited heavy baryons consisting of two light (u, d, s) and one heavy (c, b) quarks are calculated in the heavy-quark-light-diquark approximation within the constituent quark model. The light quarks, forming the diquark, and the light diquark in the baryon are treated completely relativistically. The expansion in v/c up to the second order is used only for the heavy (b and c) quarks. The internal structure of the diquark is taken into account by inserting the diquark-gluon interaction form factor. An overall good agreement of the obtained predictions with available experimental data is found. In this letter we extend our previous study of the ground state masses of heavy baryons [1] to the description of their excited states. All calculations are performed in the framework of the relativistic quark model based on the quasipotential approach in quantum field theory. As in our previous analysis we use the heavy-quark-light-diquark approximation to reduce a very complicated relativistic three-body problem to the subsequent solution of two more simple two-body problems. The first step consists in the calculation of the masses, wave functions and form factors of the diquarks, composed from two light quarks. Next, at the second step, a heavy baryon is treated as a relativistic bound system of a light diquark and heavy quark. It is important to emphasize that we do not consider a diquark as a point particle but explicitly take into account its structure by calculating the diquark-gluon interaction form factor through the diquark wave functions. Such scheme proved to be very effective and successful in our calculation of the ground state masses of heavy baryons. The obtained results were found to be in good agreement with experimental data [2] . Moreover, the predicted masses of the Ω * c and Σ b , Σ * b proved to be very close to the recently measured ones [3, 4] . This gives us additional confidence in the reliability of the used quark-diquark approximation within our model.
It is important to point out that during last few years a significant experimental progress has been achieved in studying heavy baryons with one heavy quark. At present all masses of ground states of charmed baryons as well as many of their excitations are known experimentally with rather good precision [2] . Putting into operation the Large Hadron Collider (LHC) will provide us with data on masses of excited bottom baryons as well. Therefore the calculation of the mass spectra of excited heavy baryons turns to be a really actual problem. Here we consider only the orbital and radial excitations of the light diquark with respect to the heavy quark. There are strong theoretical indications [5] that for such excitations the quark-diquark approximation should work even better than for the ground state heavy baryons.
In the quasipotential approach and quark-diquark picture of heavy baryons the interaction of two light quarks in a diquark and the heavy quark interaction with a light diquark in a baryon are described by the diquark wave function (Ψ d ) of the bound quark-quark state and by the baryon wave function (Ψ B ) of the bound quark-diquark state respectively, which satisfy the quasipotential equation [6] of the Schrödinger type [7] 
The kernel V (p, q; M) in Eq. (1) is the quasipotential operator of the quark-quark or quark-diquark interaction. It is constructed with the help of the off-mass-shell scattering amplitude, projected onto the positive energy states. In the following analysis we closely follow the similar construction of the quark-antiquark interaction in mesons which were extensively studied in our relativistic quark model [8] . For the quark-quark interaction in a diquark we use the relation V= V/2 arising under the assumption about the octet structure of the interaction from the difference of theandcolour states. An important role in this construction is played by the Lorentz-structure of the nonperturbative confining interaction. In our analysis of mesons, while constructing the quasipotential of the quarkantiquark interaction, we adopted that the effective interaction is the sum of the usual one-gluon exchange term with the mixture of long-range vector and scalar linear confining potentials, where the vector confining potential contains the Pauli terms. We use the same conventions for the construction of the quark-quark and quark-diquark interactions in the baryon. The quasipotential is then defined by the following expressions [8, 9] (a) for the quark-quark (qq) interaction
where α s is the QCD coupling constant, d(P )|J µ |d(Q) is the vertex of the diquark-gluon interaction which takes into account the diquark internal structure. D µν is the gluon propagator in the Coulomb gauge, k = p − q; γ µ and u(p) are the Dirac matrices and spinors. The diquark state in the confining part of the quark-diquark quasipotential (6) is described by the wave functions
where ε d is the polarization vector of the axial vector diquark. The effective long-range vector vertex of the diquark can be presented in the form
for scalar diquark
wherek = (0, k). Here the Σ ν µ is the antisymmetric tensor
and the axial vector diquark spin S d is given by (S d;k ) il = −iε kil . We choose the total chromomagnetic moment of the axial vector diquark µ d = 0 [10] . The effective long-range vector vertex of the quark is defined by [8, 11] 
where κ is the Pauli interaction constant characterizing the anomalous chromomagnetic moment of quarks. In the configuration space the vector and scalar confining potentials in the nonrelativistic limit reduce to
with
where ε is the mixing coefficient. scalar confining potentials ε = −1 has been determined from the consideration of charmonium radiative decays [12] and the heavy quark expansion [13] . Finally, the universal Pauli interaction constant κ = −1 has been fixed from the analysis of the fine splitting of heavy quarkonia 3 P J -states [12] . In the literature the 't Hooft-like interaction between quarks induced by instantons [14] is widely discussed. This interaction can be effectively described by introducing the quark anomalous chromomagnetic moment having an approximate value κ ≈ −0.75 (Diakonov [14] ). This value is of the same sign and order of magnitude as the Pauli constant κ = −1 in our model. Thus the Pauli term incorporates at least partly the instanton contribution to theinteraction. Note that the long-range chromomagnetic contribution to the potential in our model is proportional to (1 + κ) and thus vanishes for the chosen value of κ = −1.
At the first step, we calculate the masses and form factors of the light diquark. As it is well known, the light quarks are highly relativistic, which makes the v/c expansion inapplicable and thus, a completely relativistic treatment is required. To achieve this goal in describing light diquarks, we closely follow our recent consideration of the spectra of light mesons [15] and adopt the same procedure to make the relativistic quark potential local by replacing ǫ 1,2 (p) = m 2 1,2 + p 2 → E 1,2 (see (3) and discussion in Ref. [15] ). The quasipotential equation (1) is solved numerically for the complete relativistic potential which depends on the diquark mass in a complicated highly nonlinear way [1] . The obtained ground state masses of scalar and axial vector light diquarks are presented in Table I . These masses are in good agreement with values found within the Nambu-JonaLasinio model [16] , by solving the Bethe-Salpeter equation with different types of kernel [17, 18] and in quenched lattice calculations [19] . It follows from Table I that the mass difference between the scalar and vector diquark decreases from ∼ 200 to ∼ 120 MeV, when one of the u, d quarks is replaced by the s quark in accord with the statement of Ref. [20] .
In order to determine the diquark interaction with the gluon field, which takes into account the diquark structure, it is necessary to calculate the corresponding matrix element of the quark current between diquark states. Such calculation leads to the emergence of the form factor F (r) entering the vertex of the diquark-gluon interaction [1] . This form factor is expressed through the overlap integral of the diquark wave functions. Using the numerical diquark wave functions we find that F (r) can be approximated with a high accuracy by the expression [1] F (r) = 1 − e −ξr−ζr 2 . The values of the parameters ξ and ζ for the ground states of the scalar [q, q ′ ] and axial vector {q, q ′ } light diquarks are given in Table II . At the second step, we calculate the masses of heavy baryons as the bound states of a heavy quark and light diquark. For the potential of the heavy-quark-light-diquark interaction (6) we use the expansion in p/m Q . Since the light diquark is not heavy enough for the applicability of a p/m d expansion, it should be treated fully relativistically. To simplify the potential we follow the same procedure, which was used for light quarks in a diquark, and replace the diquark energies (6), (8) . This substitution makes the Fourier transform of the potential (6) local. At leading order in p/m Q the resulting potential can be presented in the form: for the scalar diquark
and for the axial vector diquark
whereV Coul (r) is the smeared Coulomb potential (which accounts for the diquark structure). Note that both the one-gluon exchange and confining potential contribute to the diquark spin-orbit interaction. In this limit the heavy baryon levels are degenerate doublets with respect to the heavy quark spin, since the heavy quark spin-orbit and spin-spin interactions arise only at first order in p/m Q . Solving Eq. (1) numerically we get the spin-independent part of the baryon wave function Ψ B . Then the total baryon wave function is a product of Ψ B and the spin-dependent part U B (for details see Eq. (43) of Ref. [21] ). The leading order degeneracy of heavy baryon states is broken by p/m Q corrections. The ground-state quark-diquark potential (6) up to the second order of the p/m Q expansion is given by the following expressions:
(a) scalar diquark
where L is the orbital momentum, S d and S Q are the light diquark and heavy quark spins, respectively. It is necessary to note that the confining vector interaction gives a contribution to the spin-dependent part at first order of the heavy quark expansion which is proportional to (1 + κ) or µ d . Thus it vanishes for the chosen values of κ = −1 and µ d = 0, while the confining vector contribution to the spin-independent part is nonzero at this order. The first nonvanishing contribution of the confining interaction to the heavy quark spin-orbit part arises only at second order of the heavy quark expansion. Now we can calculate the mass spectra of heavy baryons with the account of all corrections of order p 2 /m 2 Q . For this purpose we consider Eq. (1) with the quasipotential which is the sum of the leading order potentials V (0) (r) (14) or (15) and the corrections δV (r) (16) , (17), respectively. We average the resulting equation over the wave functions of Eq. (1) calculated with the leading order potential V (0) (r). In this way we obtain the mass equation
It is important to note that the presence of the spin-orbit interaction LS Q and of the tensor interaction in the quark-diquark potential (16)- (17) results in a mixing of states which have the same total angular momentum J and parity P but different light diquark total angular momentum (L + S d ). Such mixing is considered along the same lines as in our previous calculations of the mass spectra of doubly heavy baryons [9] .
The calculated values of the ground state and excited baryon masses are given in Tables III-VII in comparison with available experimental data [2, 4, 22, 23, 24, 25, 26] . In the first two columns we put the baryon quantum numbers and the state of the heavyquark-light-diquark bound system (in usual notations nL), while in the rest columns our predictions for the masses and experimental data are shown. At present the best experimentally studied quantities are the mass spectra of the Λ Q and Σ Q baryons, which contain the light scalar or axial vector diquarks, respectively. They are presented in Tables III, IV + in agreement with the recent spin assignment [24] based on the analysis of angular distributions in the decays Λ c (2880) + → Σ c (2455) 0,++ π +,− . Our model suggests that the charmed baryon Λ c (2940), recently discovered by BaBar [23] and then also confirmed by Belle [24] , could be the first radial (2S) excitation of the Σ c with J P = 3 2 + which mass is predicted slightly below the experimental value. If this state proves to be an excited Λ c , for which we have no candidates around 2940 MeV, then it will indicate that excitations inside the diquark should be also considered.
2 The Σ c (2800) baryon can be identified in our model − , respectively, containing the light scalar diquark, which is in agreement with the PDG [2] assignment. Recently Belle [25] reported the first observation of two baryons Ξ cx (2980) and Ξ cx (3077), which existence was also confirmed by BaBar [26] . The Ξ cx (2980) can be interpreted in our model as the first radial (2S) excitation of the Ξ c with J P = Our predictions for the heavy baryon mass spectra can be also compared with results of other calculations, e.g. [27, 28, 29] . In Ref. [27] the variational approach is used to solve the three-body problem in the relativized quark model with the QCD motivated quark potential. Authors of Ref. [28] calculate the mass spectra of charmed baryons within a relativistic quark model based on the Salpeter equation with a potential containing both the confining potential and instanton induced interactions. In Ref. [29] the three-quark problem is solved by means of the Faddeev method in momentum space with the quarkquark interaction consisting of the one-gluon exchange, confinement and boson exchange potentials. All these approaches are three-body ones and thus they predict the mass spectra of excited heavy baryons with significantly more levels than we get in our model, since we use the quark-diquark approximation. The comparison given in Table VIII shows that our predictions agree with experiment in most cases better than the results of the above mentioned approaches. The most clear example is our prediction [1] for the masses of the Ω * c and Σ b , Σ * b , which agree with experiment with high accuracy. The accurate predictions for the Σ b and Σ * b masses are also given in Ref. [30] . In conclusion we emphasize that, in calculating the heavy baryon masses, we do not use any free adjustable parameters, thus all obtained results are pure predictions. Indeed, the values of all parameters of the model (including quark masses and parameters of the quark potential) were fixed in our previous considerations of meson properties. Note that the light The obtained wave functions of the ground-state and excited heavy baryons can be used for calculations of the semileptonic and nonleptonic weak decays and of the one-pion transitions between excited and ground states. The heavy-to-heavy semileptonic decays of bottom baryons to charmed baryons were already studied by us in Ref. [31] . For the calculation of the heavy-to-light semileptonic decays the light baryon wave functions are necessary. The application of a simple quark-diaquark approximation for light baryons is controversial and thus more sophisticated methods should be used.
Note added: After this letter was submitted for publication the D0 Collaboration [32] reported the discovery of the Ξ − b baryon with the mass M Ξ b = 5774 ± 11 ± 15 MeV. The CDF Collaboration [33] confirmed this observation and gave the more precise value M Ξ b = 5792.9 ± 2.5 ± 1.7 MeV. Our model prediction M Ξ b = 5812 MeV is in a reasonable agreement with these new data. The BaBar Collaboration [34] announced observation of two new charmed baryons Ξ c (3055) with the mass M = 3054.2 ± 1.2 ± 0.5 MeV and Ξ c (3123) with the mass M = 3122.9 ± 1.3 ± 0.3 MeV. These states can be interpreted in our model as the second orbital (1D) excitations of the Ξ c with J P = 5 2 + containing scalar and axial vector diquarks, respectively. Their predicted masses are 3042 MeV and 3123 MeV.
